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Abs t rac t  

The c a t a l y t i c  a c t i v i t y  o f  t r a n s i t i o n  meta ls  f o r  coa l  l i q u e f a c t i o n  was s t u d i e d  
and compared. Impregnat ion o f  coa l  w i t h  t r a n s i t i o n  meta ls  s i g n i f i c a n t l y  
increased t h e  p r o d u c t i o n  of  o i l s  and t h e  convers ion o f  asphal tenes and preas- 
phal tenes i n  coa l  l i q u e f a c t i o n .  O v e r a l l  conve rs ion  o f  coa l  i nc reased  m a r g i n a l l y  
w i t h  t r a n s i t i o n  me ta l s .  The p r o d u c t i o n  o f  hydrocarbon gases decreased s l i g h t l y  
w i t h  meta ls .  I r o n  impregna t ion  was more a c t i v e  i n  preasphal tenes convers ion  
than  c o b a l t ,  n i c k e l ,  and molybdenum; whereas t h e  o t h e r  me ta l s  were more a c t i v e  
i n  asphal tenes convers ion  than  i r o n .  Hydrogen consumption decreased w i t h  t h e  
use o f  metals. The q u a l i t y  o f  generated s o l v e n t  decreased w i t h  i r o n ,  whereas 
i t  increased w i t h  o t h e r  me ta l s .  
i r o n  and molybdenum. Simultaneous impregna t ion  o f  coa l  w i t h  i r o n  and molybdenum 
s i g n i f i c a n t l y  i nc reased  t h e  convers ion  o f  c o a l ,  asphal tenes,  and preasphal tenes,  
and t h e  p r o d u c t i o n  o f  o i l s  compared t o  i n d i v i d u a l  meta ls .  The m i x t u r e  o f  i r o n  
and molybdenum a l s o  decreased t h e  hydrocarbon gas p r o d u c t i o n  ove r  i r o n  and 
molybdenum alone.  I n  a d d i t i o n ,  t h e  q u a l i t y  o f  generated s o l v e n t  was h i g h e r  
w i t h  i r o n  and molybdenum m i x t u r e  compared t o  i r o n  alone. 

S i g n i f i c a n t  synergism was observed between 

I n t r o d u c t i o n  

Ex tens i ve  research has been per formed i n  t h e  areas o f  c a t a l y t i c  and n o n - c a t a l y t i c  
coa l  l i q u e f a c t i o n .  I t  i s  w e l l  known t h a t  i n  coa l  l i q u e f a c t i o n ,  h igh -mo lecu la r  
we igh t  compounds r u p t u r e  t h e r m a l l y ,  p roduc ing  uns tab le  f r e e  r a d i c a l s .  These 
f r e e  r a d i c a l s  r e a c t  w i t h  hydrogen donated by hydrogen donor species p r e s e n t  i n  
t h e  process s o l v e n t  t o  form s t a b l e  species.  
s u f f i c i e n t  hydrogen donor compounds i n  t h e  coa l  l i q u e f a c t i o n  r e a c t i o n  m i x t u r e  
i s  necessary t o  p r e v e n t  t h e  r e p o l y m e r i z a t i o n  o f  f r e e  r a d i c a l s  the reby  a i d i n g  
t h e  p r o d u c t i o n  o f  lower-molecular -weight  o i l s  and asphal tenes.  It has been 
speculated t h a t  m ine ra l  m a t t e r  c a t a l y z e s  t h e  coa l  l i q u e f a c t i o n  r e a c t i o n  by 
enhancing t h e  t r a n s f e r  o f  hydrogen from t h e  gas t o  l i q u i d  phase thus  m a i n t a i n i n g  
t h e  hydrogen donor c a p a b i l i t y  o f  the p rocess  so l ven t .  

The c a t a l y t i c  e f f e c t  o f  m ine ra l  m a t t e r  on hyd rogena t ion  o f  model compounds and 
coa l  has been i n v e s t i g a t e d  b y  a number o f  i n v e s t i g a t o r s . ( l - l Z )  I r o n  compounds 
which a r e  abundant b o t h  i n  n a t u r e  and as an  a r t i c l e  o f  commerce were s t u d i e d  
e x t e n s i v e l y .  
ox ide  c o n t a i n i n g  m a t e r i a l  ob ta ined  f rom aluminum manufacture) t o  feed  s l u r r y  
improved coa l  l i q u e f a c t i o n . ( l 3 )  Numerous researchers  who have s t u d i e d  t h e  
c a t a l y t i c  a c t i v i t y  o f  i r o n  as e i t h e r  i r o n  p y r i t e  o r  p y r r h o t i t e  i n  l i q u e f a c t i o n  
have r e p o r t e d  improved resu l t s . (14 -22 )  

Therefore,  t h e  presence o f  

The Germans found t h a t  add ing  i r o n  s u l f a t e  and Bayermasse ( i o r n  
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Like iron, molybdenum and several other transition metal have been shown to 
catalyze Coal liquefac~ion.(l3,23,~4,25,26) Since transition metals are both 
expensive and scarce, their application in liquefaction will depend greatly on 

shown to be very active in coal liquefaction at very low concentrations.(l3.25,26) 
I their activity at low concentrations. Interestingly, several metals have been 

In the present paper, the activity of iron, molybdenum, cobalt, and nickel in 
catalyzing the liquefaction of coal is discussed. 
be related to the product distribution which will include hydrocarbon gas 
make, oil yield, asphaltene and preasphaltene yields, and degree of coal 
conversion. 
All the data reported in this paper refer to results in a continuous 100 
pounds per day coal process unit. 

Experimental Section 

Materials. A low-ash, low-pyrite Eastern Kentucky Elkhorn #2 coal obtained 
from a mine in Letcher County was used in the study. 
in a coal preparation plant to reduce the ash and pyrite contents. This 
sample was purposely selected to minimize.the influence of the coal ash and 
pyrite on the liquefaction. The coal sample was ground to 95% minus 200 mesh 
particles, dried in air and screened through a 150 mesh sieve prior to use. 
The detailed analysis of the screened coal is reported in Table 1. 

SRC-I1 heavy distillate supplied by the Pittsburg and Midway Coal Mining 
Company was used as a process solvent. 
solvent is shown in Table 2. 
oils, 5.0% asphaltenes, 0.4% preasphaltenes, and 0.8% insoluble organic 
material (pyridine insolubles). The process solvent contained organic 
compounds boiling in the range of 550 to 85OOF temperature. 

Iron sulfate (FeS04.7H 0) was received from Textile Chemical Company, Reading, 
Pennsylvania. 
and minor quantities of iron oxide, titanium dioxide and magneisum sulfate as 
impurities. Ammonium molybdate, nickel nitrate, and cobalt nitrate were 
reagent grade materials obtained from Fischer Scientific Company, Fair Lawn, 
New Jersey. 

Metals Impregnation. A sample of coal was impregnated with 1% iron by adding 
a 10.0% ferrous sulfate solution in distilled water to ground coal. Three 
different samples of coal were impregnated with 0.02% molybdenum, nickel, and 
cobalt by mixing the samples with 0.5% ammonium molybdate, nickel nitrate and 
cobalt nitrate solutions, respectively. Since molybdenum, nickel, and cobalt 
are very expensive compared to iron, very low concentrations (200 ppm) of 
these metals based on coal were used. Another sample of coal was impregnated 
simultaneously with a mixture of 1 wt.% iron and 0.02 wt.% molybdenum based on 
coal. The impregnated coal samples were dried at 6OoC for 72 hours and ground 
under nitrogen before use in liquefaction experiments. 

Equipment. 
liquefaction unit equipped with a continuous stirred autoclave. The use of a 
stirred tank reactor ensured that solvent vaporization matched that of an 
actual coal liquefaction dissolver and that coal minerals did not accumulate. 

The catalytic activity will 

The effect of iron and molybdenum mixtures was also studied. 

The sample was treated 

The chemical analysis of the process 
The solvent contained 93.8% pentane-soluble 

The samble contained approximately 97% iron sulfate cyrstals 

Process studies were done in a continuous 100 pound/day coal 
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Since the re  was no s l u r r y  p rehea te r ,  a l l  o f  t h e  s e n s i b l e  hea t  was p r o v i d e d  by 
r e s i s t a n c e  hea te rs  on t h e  r e a c t o r .  Because o f  t h i s  h i g h  hea t  f l u x ,  t h e  r e a c t o r  
w a l l  was about  27'F h o t t e r  t han  t h e  b u l k  s l u r r y .  M u l t i p l e  thermocouples 
revealed t h a t  t h e  s l u r r y  temperature i n s i d e  t h e  r e a c t o r  v a r i e d  by o n l y  9 O F  
f rom top t o  bottom. 
elsewhere. (27) 

The products  were quenched t o  32OoF b e f o r e  f l o w i n g  t o  a g a d l i q u i d  separa to r  
t h a t  was opera ted  a t  system pressure.  
p roduc t  r e c e i v e r  w h i l e  t h e  p r o d u c t  gases were c o o l e d  t o  recove r  t h e  p roduc t  
water  and o rgan ic  condensate. 
o n - l i n e  gas chromatograph. 

Procedure. Coal l i q u e f a c t i c n  runs Were per formed a t  825OF, 2,000 p s i g  
hydrogen p ressu re ,  1,000 rpm s t i r r e r  speed, hydrogen feed  r a t e  e q u i v a l e n t  t o  
5.5 w t .  % o f  c o a l ,  and a s u p e r f i c i a l  s l u r r y  space v e l o c i t y  o f  1.5 i n v e r s e  
hours. The coa l  c o n c e n t r a t i o n  i n  t h e  feed was 30 wt .%.  

A t  l e a s t  10 r e a c t o r  volumes o f  t h e  p roduc t  were d i sca rded  p r i o r  t o  c o l l e c t i n g  
a p roduc t  sample. A complete sample c o n s i s t e d  o f  one 8-02 p roduc t  s l u r r y ,  one 
1-L product  s l u r r y  as back-up sample, a l i g h t  condensate sample, and a p r o d u c t  
gas sample. 

The product  s l u r r y  from t h e  cont inuous r e a c t o r  was s o l v e n t  separated i n t o  f o u r  
f r a c t i o n s :  (1)  pen tane-so lub le  m a t e r i a l  ( o i l ) ,  (2) pen tane- inso lub le  and 
benzene-soluble m a t e r i a l  (aspha l tene ) ,  ( 3 )  benzene- insolub le and p y r d i n e - s o l u b l e  
m a t e r i a l  (preasphal tene) ,  and (4 )  p y r i d i n e - i n s o l u b l e  m a t e r i a l .  The l a t t e r  
c o n t a i n s  i n s o l u b l e  o rgan ic  m a t e r i a l  ( IOM)  and m i n e r a l  res idue .  The o v e r a l l  
coa l  convers ion i s  c a l c u l a t e d  as t h e  f r a c t i o n  o f  o:ganic m a t e r i a l  (mois ture-ash-  
f r e e  c o a l )  s o l u b l e  i n  p y r i d i n e .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  r e a c t o r  i s  p resen ted  

The s l u r r y  was t h r o t t l e d  i n t o  t h e  

The p r o d u c t  gases were t h e n  analyzed by an 

Resu l t s  and D iscuss ion  

E f f e c t  o f  T r a n s i t i o n  Meta ls  - The impregna t ion  o f  E l kho rn  #2 coa l  w i t h  1 w t . %  
i r o n  had no e f f e c t  on o v e r a l l  coa l  conve rs ion  b u t  i nc reased  
o f  o i l s  f r o m  12 t o  25% (Table 3). 
w i t h  i r o n ;  t h e  decrease i n  t h e  p r o d u c t i o n  o f  hydrocarbon gases i s  s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  t h i s  l e v e l .  
w i t h  i r o n  impregnat ion.  The preasphal tene c o n c e n t r a t i o n  decreased from 44 t o  
36% w i t h  i ron impregnat ion.  Hydrogen consumption based on e lementa l  hydrogen 
balance decreased from 0.6 t o  0.4 p e r c e n t  w i t h  i r o n  impregnat ion.  

The hydrogen con ten ts  o f  t h e  o i l ,  aspha l tene  and p reaspha l tene  f r a c t i o n s  were 
lower  w i t h  i r o n  impregna t ion  compared t o  t h e  b a s e l i n e  run  (Tab le  4). 
t h e  d ispersed i r o n  system was n o t  e f f e c t i v e  i n  hyd rogena t ing  t h e  l i q u e f a c t i o n  
p roduc ts .  Th is  would be advantageous i n  t h a t  expensive hydrogen would n o t  
wasted i n  hydrogenat ing SRC (asphal tenes and p reaspha l tenes ) ,  which would be 
used u l t i m a t e l y  as a b o i l e r  f u e l .  The SRC s u l f u r  c o n t e n t  was unchanged w i t h  
i r o n  impregnat ion.  L ikewise,  t h e  s u l f u r  con ten ts  i n  t h e  v a r i o u s  f r a c t i o n s  
were una f fec ted  w i t h  i r o n  (Table 4). 
f r a c t i o n s  decreased s l i g h t l y ,  whereas i t  increased i n  t h e  preasphal tene 
f r a c t i o n .  

t h e  p r o d u c t i o n  
The p r o d u c t i o n  o f  hydrocarbon gases decreased 

The p r o d u c t i o n  o f  heteroatom gases changed m a r g i n a l l y  

Apparen t l y  

N i t r o g e n  c o n t e n t  i n  t h e  o i l  and asphal tene 

The oxygen c o n t e n t  o f  o i l s  decreased s l i g h t l y ,  b u t  i t  increased 
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s i g n i f i c a n t l y  i n  t h e  asphal tene and preasphal tene f r a c t i o n s  w i t h  i r o n  impregnat ion.  
No d e f i n i t e  conc lus ion  cou ld  be drawn concern ing deoxygenat ion because oxygen 
con ten t  was determined by d i f f e r e n c e .  

The hydrogen d i s t r i b u t i o n  i n  t h e  s o l v e n t  generated by coa l  l i q u e f a c t i o n  was 
determined by p r o t o n  NMR t o  determine the  changes i n  s o l v e n t  q u a l i t y  by i r o n  
impregnat ion.  
terms o f  the combined concen t ra t i on  o f  H and H . The h i g h e r  t h e  combined 
concen t ra t i on  of  H and H , t h e  b e t t e r  w h l d  be'the q u a l i t y  o f  t h e  process 
so l ven t .  
s o l v e n t  generated w i t h  no c a t a l y s t  and w i t h  i r o n  was lower  than t h a t  o f  t h e  
o r i g i n a l  process so l ven t .  The a romat i c  hydrogen con ten t  o f  s o l v e n t  increased 
w i t h  b o t h  no c a t a l y s t  and w i t h  i r o n .  However, t h e  i nc rease  i n  a romat i c  hydrogen 
con ten t  was more dramat ic  w i t h  i r o n .  The decrease i n  the  q u a l i t y  o f  t h e  
s o l v e n t  generated w i t h  i r o n  was c o n t r a r y  t o  t h e  s p e c u l a t i o n  made b y  seve ra l  
researchers t h a t  m ine ra l  m a t t e r  improved c o a l  l i q u e f a c t i o n  by enhancing hydrogen 
t r a n s f e r  from gas t o  l i q u i d .  I n  terms o f  a c t u a l  p l a n t  ope ra t i on ,  a decrease 
i n  so l ven t  q u a l i t y  means a decrease i n  t h e  l i q u e f a c t i o n  performance. Therefore,  
t h e  generated s o l v e n t  has t o  be hydrogenated e x t e r n a l l y  t o  i nc rease  i t s  hydrogen 
donor c a p a b i l i t y  and t o  m a i n t a i n  t h e  l i q u e f a c t i o n  performance o f  t h e  i r o n  

I 

The hydrogen donor c a p a b i l i t y  o f  a s o l v e n t  was measured i n  

Data i n  Table 5'revealed t h a t  t h e  hydrogen donor c a p a b i l i t y  o f  t h e  

c a t a l y s t .  

The impregnat ion o f  coa l  w i t h  0.02 w t . %  (200 ppm) c o b a l t  and molybdenum inc reased  
t h e  coa l  convers ion s l i g h t l y .  The magnitude o f  t h e  i nc rease  i n  coa l  conve rs ion  
was ve ry  s i m i l a r  t o  t h a t  ob ta ined  w i t h  1 w t . %  i r o n  (Table 3) .  The coa l  convers ion,  
however, decreased w i t h  n i c k e l  impregnat ion.  The p r o d u c t i o n  o f  o i l s  increased 
s i g n i f i c a n t l y  from 12 t o  20-21% w i t h  c o b a l t ,  n i c k e l ,  and molybdenum. The 
inc rease  was s l i g h t l y  lower  than t h a t  ob ta ined  w i t h  i r o n .  
hydrocarbon gases was h i g h e r  w i t h  c o b a l t ,  n i c k e l  and molybdenum than  i r o n  b u t  
s t i l l  lower than t h e  b a s e - l i n e  run.  Preasphal tenes convers ion  i nc reased  w i t h  
c o b a l t ,  n i c k e l ,  and molybdenum, b u t  i t  was much lower  than  t h a t  noted w i t h  
i r o n .  Asphaltenes y i e l d  was s l i g h t l y  l ower  w i t h  c o b a l t ,  n i c k e l ,  and molybdenum 
than  i r o n ;  asphal tene c o n c e n t r a t i o n  decreased f rom 21 t o  18 w i t h  c o b a l t ,  
n i c k e l ,  and molybdenum, whereas it decreased t o  19 p e r c e n t  w i t h  i r o n .  

Hydrogen consumption based on e lementa l  hydrogen balance was lower  w i t h  c o b a l t ,  
n i c k e l  and molybdenum compared t o  b a s e l i n e  r u n  (Table 3). 
consumption was due t o  lower  p r o d u c t i o n  of  hydrocarbon gases and lower  hydrogen 
con ten ts  i n  t h e  asphal tene and preasphal tene f r a c t i o n s  (Table 4).  L i k e  i r o n ,  
o t h e r  meta ls  were a l s o  found t o  be i n e f f e c t i v e  i n  hyd rogena t ing  asphal tenes 
and preasphal tenes.  N i t r o g e n  and s u l f u r  con ten ts  i n  v a r i o u s  f r a c t i o n s  were 
v e r y  s i m i l a r  w i t h  and w i t h o u t  meta ls .  
ob ta ined  w i t h  meta ls  were s i m i l a r  t o  t h e  base - l i ne  r u n  except  f o r  n i c k e l  
(Table 4). 

The q u a l i t y  o f  s o l v e n t  generated wi th  c o b a l t ,  n i c k e l  and molybdenum was h i g h e r  
than  t h a t  generated e i t h e r  w i t h  i r o n  o r  w i t h o u t  me ta l s  (Table 5). The concen- 
t r a t i o n  o f  HAR decreased and t h a t  o f  H 
w i t h  c o b a l t ,  n i c k e l  and molybdenum. 
s o l v e n t  i s  an i n d i c a t i v e  o f  enhancement o f  hydrogen t r a n s f e r  f rom gas t o  
l i q u i d  phase w i t h  c o b a l t ,  n i c k e l  and molybdenum c a t a l y s t s .  

The p r o d u c t i o n  o f  

Lower hydrogen 

The hydrogen con ten ts  o f  t h e  o i l  f r a c t i o n s  

and H e i t h e r  i nc reased  o r  ma in ta ined  
Tfie i nc rgase  i n  t h e  q u a l i t y  o f  generated 
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The above d i s c u s s i o n  showed t h a t  the impregna t ion  o f  E l kho rn  #2 coa l  w i t h  
meta ls  s i g n i f i c a n t l y  i nc reased  o i l s  p r o d u c t i o n ,  i nc reased  preasphal tene 
convers ion and decreased hydrocarbon gas make. The me ta l s ,  however, d i d  n o t  
change SRC s u l f u r  con ten t .  

Comparing t h e  a c t i v i t y  o f  i r o n  t o  t h a t  o f  o t h e r  me ta l s ,  i t  was found t h a t  i r o n  
impregnat ion y i e l d e d  h i g h e r  o i l s  p r o d u c t i o n  and preasphal tenes convers ion than 
o t h e r  metals. However, o t h e r  me ta l s  were more a c t i v e  i n  asphal tenes convers ion 
than  i ron .  The hydrogen c o n t e n t  o f  generated s o l v e n t  decreased w i t h  i r o n  and 
n i c k e l ,  whereas it was ma in ta ined  w i t h  c o b a l t  and molybdenum. The q u a l i t y  o f  
generated s o l v e n t  decreased w i t h  i r o n ,  b u t  i t  inc reased  w i t h  o t h e r  meta ls .  

i n t e r a c t i o n  o f  Me ta l s  i n  Coal L i q u e f a c t i o n  - To u t i l i z e  t h e  s e l e c t i v e  a c t i v i t y  
o f  i r o n  f o r  t h e  convers ion o f  preasphal tenes and o f  o t h e r  me ta l s  f o r  t h e  
convers ion o f  asphal tenes,  a sample o f  coa l  impregnated s imu l taneous ly  w i t h  
i r o n  and molybdenum was l i q u e f i e d .  The convers ion  o f  b o t h  asphal tenes and 
preasphal tenes i nc reased  w i t h  iron/rnolybdenum m i x t u r e  compared t o  i r o n  and 
molybdenum a lone  (Table 6). I n  a d d i t i o n ,  o i l s  p r o d u c t i o n  i nc reased  s i g n i f i c a n t l y  
w i t h  t h e  m i x t u r e  compared t o  i r o n  and molybdenum alone.  I r o n  and molybdenum 
t o g e t h e r  n o t  o n l y  i nc reased  o i l s  p r o d u c t i o n  and asphal tenes and preasphal tenes 
convers ion b u t  a l s o  s i g n i f i c a n t l y  i nc reased  t h e  o v e r a l l  coa l  convers ion f rom 
87 t o  91%. 
e i t h e r  alone. 
w i t h i n  the  l i m i t s  o f  expe r imen ta l  e r r o r .  These inc rease  i n  coa l  convers ion,  
o i l s  p r o d u c t i o n  and asphal tenes and preasphal tenes convers ion  i n d i c a t e d  a 
s i g n i f i c a n t  s y n e r g i s t i c  e f f e c t  o f  t h e  two meta ls .  

Hydrogen consumption w i t h  t h e  iron/molybdenum m i x t u r e  was h i g h e r  than  molybdenum 
and i r o n  a lone (Table 6). The hydrogen c o n t e n t  o f  t h e  v a r i o u s  f r a c t i o n s  generated 
w i t h  iron/molybdenum m i x t u r e  was ve ry  s i m i l a r  t o  t h a t  ob ta ined  w i t h  i r o n  and 
molybdenum a lone  (Table 7) .  
n i t r o g e n  and oxygen con ten ts  i n  t h e  v a r i o u s  f r a c t i o n s  generated w i t h  i r o n  and 
molybdenum a lone  o r  used t o g e t h e r  except  f o r  s l i g h t l y  lower  n i t r o g e n  con ten t  
no ted  i n  preasphal tene f r a c t i o n  o b t a i n e d  w i t h  iron/molybdenum mix tu re .  The 
q u a l i t y  o f  s o l v e n t  generated w i t h  iron/molybdenum m i x t u r e  was h i g h e r  than  i r o n  
a lone,  b u t  was lower  than  t h a t  ob ta ined  w i th  molybdenum a lone  (Table 8). 

The above d i scuss ion  shows t h a t  a synergism e x i s t s  between i r o n  and molybdenum 
i n  t h e  c a t a l y s i s  o f  coa l  l i q u e f a c t i o n  r e a c t i o n .  
e f f e c t i v e l y  u t i l i z e d  t o  i nc rease  t h e  o i l s  p r o d u c t i o n  and t h e  convers ion  o f  
asphal tenes and preasphal tenes.  Fur thermore,  t h e  i nc rease  i n  o i l  p r o d u c t i o n  
can  be ob ta ined  w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  hydrogen consumption by 
t a k i n g  advantage o f  s y n e r g i s t i c  e f f e c t .  
bdenum, however, i s  i n e f f e c t i v e  i n  reduc ing  SRC s u l f u r  content .  

The p r o d u c t i o n  o f  hydrocarbon gas was lower  w i t h  m i x t u r e  than  
The SRC s u l f u r  c o n t e n t  changed s l i g h t l y ,  b u t  t h e  change was 

No s i g n i f i c a n t  d i f f e r e n c e s  were noted i n  t h e  

T h i s  synergism can be 

The comb ina t ion  o f  i r o n  and moly- 

Conc lus ion  

The impregnat ion o f  coa l  w i t h  t r a n s i t i o n  me ta l s  l i k e  i r o n ,  c o b a l t ,  n i c k e l ,  and 
molybdenum increases t h e  o i l s  p r o d u c t i o n  by i n c r e a s i n g  t h e  asphal tenes and 
preasphal tenes convers ion.  Me ta l s  impregna t ion  a l s o  h e l p  i n  improv ing  o v e r a l l  
c o a l  convers ion excep t  f o r  n i c k e l .  
w i t h  meta ls .  L i kew ise ,  hydrogen consumption decreases w i t h  meta ls .  I r o n  i s  
more a c t i v e  f o r  t h e  convers ion  o f  preasphal tenes and t h e  p r o d u c t i o n  o f  o i l s  
t h a n  o t h e r  metals, where. s it i s  l e s s  a c t i v e  f o r  t h e  convers ion  o f  asphaltenes. 

The p r o d u c t i o n  o f  hydrocarbon gases decreases 
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These d i f f e r e n c e s  may p a r t l y  be due t o  t h e  use o f  h i g h e r  concen t ra t i on  o f  i r o n  
than o t h e r  metals.  Since i r o n  i s  r a t h e r  inexpens ive  compared t o  o t h e r  meta ls ,  
i t  i s  economical ly f e a s b i b l e  t o  use h i g h e r  c o n c e n t r a t i o n .  On t h e  o t h e r  hand, 
i t  i s  n o t  economica l l y  f e a s i b l e  t o  use h i g h e r  concen t ra t i on  ( g r e a t e r  than 200 
ppm) o f  o t h e r  metals.  Simultaneous impregnat ion  o f  c o a l  w i t h  i r o n  and molybdenum 
shows s i g n i f i c a n t  synergism i n  c o a l  l i q u e f a c t i o n .  The convers ion  o f  c o a l ,  
asphal tenes, and preasphal tenes and the  p roduc t i on  o f  o i l s  a r e  much g r e a t e r  
w i t h  iron/molybdenum m i x t u r e  than e i t h e r  o f  them alone. The m i x t u r e  a l s o  
r e s u l t s  i n  lower hydrocarbon gas make than i r o n  and molybdenum alone. The 

I m i x t u r e ,  however, i s  i n e f f e c t i v e  i n  reduc ing  t h e  SRC s u l f u r  con ten t .  
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Table I 

Chemical Analyr i5 o f  Elkhorn X2 Coal Sample 

weight % 

Carbon 77.84 
Hydrogen 5.24 
Oxygen 7.20 
Su l fu r  1 .  08 
Ni t rogen 1.75 

Moisture 
Dry Ash 

1.55 
6.29 

O i s t r i b u t i o n  o f  Su l fu r  

Total  1.08 
Su l fa te  0.04 
P y r i t e  ' 0.25 
Organic 0.79 

Table 2 

Analysis o f  SRC-I1 Heavy O i s t i l l a t e  

Element Weight % 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Su l fu r  

89.4 
7.2 
1.7 
1 . 1  
0.6 

Table 3 

E f f e c t  o f  T r a n s i t i o n  Metals on Coal L ique fac t i on  

Ca ta l ys t  None 
Metal Concentration, 

Feed Composition 
Temperature. 'F 825 
Pressure. p s i g  2,000 
Hydrogen F l o w  Rate, MSCF/T 18.9 
Reaction Time. Mi " .  35 

Product D i s t r i b u t i o n .  ut.% MAF Coal 

ut.% Coal 

nc 5.2 
co. co2 0 .7  
H S  0.3 

Asphaltenes 21.2 
Preasphaltenes 44.2 
I.O.M. 14.7 
Water 1.5 
Conversion 85.3 

0 6 s  12.2 

Hydrogen Consumption. 

SRC Su l fu r .  X 
W t . %  MAF Coal 0.64 

0.6 

I r o n  Cobalt  

1 .0  0.02 
70x Solvent + 30% Coal 

825 825 
2,000 2,000 

20.6 23.8 
32.8 36.7 

3.5 3.8 
0.6 0.7 
0.2 0.4 

25.0 21.5 
i s .  1 17.7 
35.8 40.2 
13.5 14.3 
2.3 1.4 

86.5 85.7 

0.40 0.39 
0.6 0.6 

8 

N icke l  

0.02 

825 
2,000 

23.8 
37 

4.8 
0.7 
0.6 

20.0 
17.0 
38.5 
1 6 . 5  

1 . 9  
83.7 

0.33 
0.5 

Molybdenum 

0.02 

825 
2,000 

23.7 
36 .5  

4 .1 
0.7 
0 .6  

21.7 
17 .6  
40.3 
13. 7 

1.8 
86.8 

0.40 
0.6 



Table J 

D i s t r i b u t i o n  o f  Elements i n  Various L ique fac t i on  Reac:ion F rac t i ons  

Ca ta l ys t  None 

O i l  F rac t i on ,  ut.$ 

C 
H 

N 
5 

Oa 

Asphaltene F rac t i on .  wt.X 

L 
H 

N 
5 

Oa 

Preasphal tene F Pact ion,  v t .  P. 

C 
H 

N 
s 
O a  

89.5 
7 .2  
1 . 7  
0 .9  
0.7 

8 5 . 9  
6 . 3  
4 .8  
2.4 
0 .6  

85.3 
5.2 
6.2 
2.2 
0 . 6  

I r o n  

89 .9  
7. 1 
1.5 
0.8 
0 . 7  

85.6  
6 . 0  
5 5  
2.4 
0 .5  

82.9 
4.9 
8.9 
2.6 
0 . 1  

Cooalt  N icke l  Molybdenum 

89 6 89.8  89.5 
7.2 7 . 1  7 . 2  
1.7 1 .7  1.7 
0.8 0 . 8  0.9 
0 . 7  0.5 0.7 

85.6 85 .0  85.3 
5.8 5.9 5.9 
5 .7  6.2 6.0 
2.3 2.4 2 .2  
0 .6  0.5 0. 6 

83.5 83.6 83.4 
4 . 7  4.6 5. I 
8.9 9.0 8.3 
2.3 2.3 2.6 
0 . 6  0 5  0 .6  

a Oxygen i s  determined by d i f f e rence  

Table 5 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F r a c t i o n  

Process Generated Solvent 

Ca ta l ys t  Solvent None I r o n  Cobalt  N icke l  Molybdenum 

Total Hydrogen. w t . %  7 . 2  7.2 7. I 7 . 2  7.  I 7.1 

3.20 3 .26  3.64 2.90 2.88 2.75  

2 . 0 2  1.95 1.80 2.12  2.24 2.32  

1.98 1.99 1.66 2.18 1.97 2. I3  

“AR 

Ha 

tiAR concen t ra t i on  o f  aromat ic protons 

Ha 

Ho 

= concen t ra t i on  o f  a lpha protons d e f i n e d  as protons on carbon atoms immediately 
adjacent t o  an aromatic r i ng .  

= c o n c e n t r a t i o n  O f  beta and h ighe r  p ro tons  de f i ned  as those protons res id ing  
on two o r  more carbon atoms removed from an aromat ic r i n g .  

9 
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Table 6 

Synerg i s t i c  E f f e c t  i n  Coal L ique fac t i on  

Cata lyst  I r o n  Molybdenum 
Metal Concentration. 1.0 0.02 

w t . Z  coal  
Feed Composition 70% Solvent f 30% Coal 
Temperature. O F  825 825 

Hydrogen Flow Rate. MSCF/T 20.6 23.7 
Reaction Time, Mi" 32.8 36.5 
Product O i s t r i b u t i o n .  u t .% MAF Coal 

HC 3.5 4.1 

Pressure, p s i g  2,000 2,000 

co .  co2 

H2S 
O i l s  
Asphaltenes 
Preasphaltenes 
I . O . M .  
Water 
Conversion 

Hydrogen Consumption. 

SRC S u l f u r ,  I 
w t . %  MAF Coal 

0 .6  

0 . 2  

2 5 . 0  
19.1 

35.8 
13.5 
2. 3 
85.6 

0.4 
0.6 

0.7 

0 .6  

2 1 . 7  
17.6 
40.3 
13.7 

1.8 
86.8 

0.40 
0.6 

I r o n  + Molybdenum 
1.0  i r o n  + 0.02 

molybdenum 

825 
2.000 

23.4 
37.2 

3.1 
0. 7 
0.6 

36. 3 
15.2 
33.0 
9.3 
1.8 

90.7 

0.59 
0. 7 

Table 7 

D i s t r i b u t i o n  of  Elements i n  Various L ique fac t i on  F rac t i ons  

Ca ta l ys t  I r o n  Molybdenum I r o n  Molybdenum 
O i l  Fract ion.  X 

C 
H 
Oa 
N 
S 

89.9 89.5 ~~ ~ 

7.1 7.2 
1.5 1.7 
0.8 0.9 
0.7 0.7 

Asphaltene F rac t i on ,  X 
C 85.6 
H 6.0 

N 2.4 
S 0.5 

Oa 5 . 5  

Preasphaltene Fract ion,  X 
C 82.9 

4.9 
8.9 

N 2.6 
S 0.7 

a Oxygen i s  determined by  d i f f e r e n c e  

85.3 
5.9 
6.0 
2.2 
0.6 

83.4 
5.1 
8.3 
2.6 
0.6 

89.8 
7.2 
1.6 
0.8 
0.6 

85.1 
5.9 
6.0 
2.4 
0.6 

83.7 
4.9 
8.4 
2.3 
0.7 

Table 8 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F rac t i on  

Ca ta l ys t  I r o n  Molybdenum I r o n  + Molybdenum 
Tota l  Hydrogen, wt.X 7 .1  7.2 7.2 

"AR 3.64 2.75 2.92 

"a 

HO 

1.80 2.32 
1.66 2. 13 

10 

2. I5 
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